ABSTRACT: More than 3000 juvenile flatfishes from 118 different locations along the coasts of the North Sea were checked for biological tags (hyal~ne zones) surrounding the rlucleus (prirnordium + larval phase) of their otoliths. All flounder Platichthys flesus specimens had developed such tags in their otoliths. In contrast, tags were rarely found in sole Solea solea. many North Sea plaice Pleuronectes platessa from subpopulations inhabiting areas with extended tidal flats had pronounced hyaline zones, but lacked these tags along sandy beaches without tidal flats. In long bights with low water exchange in the German Wadden Sea and in the inner parts of the Westerschelde, multiple hyaline zones were frequently found in the otoliths of 0-group plaice. In previous investigations, it had been possible to experimentally induce early hyaline zones surrounding the nucleus of plalce otoliths by UV-B radiation, high temperature, or starvation treatment In t h~s study, strong indicat~ons are presented that UV-B mediated oxidative stress (hydrogen peroxide) in coastal areas, particularly in tidal pools during the pool-dwelling period of the 3 species, was the most important mechanism in the formation of the early hyaline zones in both the field and the laboratory. The occurrence or lack of hyaline zones surrounding the nucleus can be explained by the different patterns in settlement of the 3 species, by the prevailing weather conditions during and after settlement, and by differences in the hydrographic conditions. In the Dutch Wadden Sea, the lack of such early hyaline zones can be attributed to the lower tidal range and the weather conditions during the period of settlement. Due to their hlghly rheotact~c behaviour, early flounder postlarvae almost exclusively inhabit tidal pools directly at the shoreline. Untd the tide comes in, flounder may also be exposed to radiation much Longer than plaice, since plaice are much more widespread over the tidal flats, depending on the prevailing t~dal reglme. For sole, tldal pools are less important habitats as compared to plaice and flounder. The distinct multiple hyaline zones in Ogroup plaice otoliths are most likely also linked to oxidative stress. Other possible factors Like diseases and injuries during the sorting out of by-catch on shrimp vessels are discussed.
INTRODUCTION
During 12 yr of research in the German Wadden Sea (eastern North Sea) pronounced single or multiple hyaline zones (transparent when viewed on a dark background under a stereomicroscope) have been detected in the otoliths of part of the 0-group plaice Pleuronectes platessa L., flounder Platichthys flesus L., and sole Solea solea L, population in the Wadden Sea proper (Berghahn 1989) . Otolith microstructure analysis indicated that the first zone surrounding the nucleus (primordium + larval phase) is deposited on hot, cloudless days during the pool-dwelling mode of life on the tidal flats immediately after settling. On these days, water temperature in the residual waters may exceed lethal limits. In this case, the survivors attempt to flee from the pools through the drainage gulleys on the tidal flats towards the subtidal. From these mass escapes on, pool-dwellers can no longer be found in the residual waters until the settling of new larvae (Berghahn 1983 ). Some of the survivors tend to stay in the subtidal permanently while the rest start to relate the findings to the prevailing topographical and exhibit tidally phased feeding migrations from the subhydrographical conditions, namely to the occurrence tidal onto the submerged tidal flats (Berghahn 1986) .
and habitat quality of tidal pools, and to climatic condiIn the laboratory, hyaline formations in otoliths can tions. be induced artificially by doses of 50 to 100 mJ cm-2 of UV-B radiation (280 to 320 nm), and to a much lesser degree by a rapid increase in water temperature or by MATERIAL AND METHODS starvation (Berghahn & Karakiri 1990 ). Further investigations yielded newly metamorphosed plaice and sole Sampling stations in the shallow sublittoral were disin tidal pools which had indeed suffered epidermal tributed over the coasts of the North Sea (Fig. 1 ). In the skin trauma from solar radiation at cumulative doses of North Frisian part of the Wadden Sea (eastern North 66 mJ cm-2 (Berghahn et al. 1993) . Since no early hyaSea) samples were obtained from the by-catch of line zones could be found in plaice which had settled shrimpers (Berghahn 1986 ) Samples from beam trawl along the sandy beach at the border of the Wadden catches of research cruises at the other stations were Sea to the open North Sea rather than on the tidal flats, provided by the scientists listed in the acknowledgethe challenge was taken to study the formation of tags ments. Table 1 gives a description of the various sites under different geographic conditions and to test the with regard to the hypothesis in question. For comparhypothesis that early hyaline formation is linked to ison, some specimens were also caught in the Baltic radiation operating during the pool-dwelling period.
Sea with a beach seine at the beach of Laboe close to For that reason, otoliths of 0-group plaice from samples Kiel (Germany) . Samples from Red Warf Bay (UK, Irish taken in summer and autumn 1988 along the North Sea), from Oban (UK, Irish Sea, taken in 1986) and Sea coast from northern Germany to Scotland were from the western Dutch Wadden Sea taken in 1986 checked for tags. Furthermore, it was attempted to were also included. after settling, since they were, as in previous otolith microstructure studies, almost adjacent to the accessory primordia, which are formed during the transition to a bottom-dwelling mode of life. The percentage of specimens with hyaline zones in the otoliths decreased towards the border of the Wadden Sea (Fig. 2 ). In the Elbe estuary, the precentage in September was much lower (Fig. 3) as was the case in the Dutch Wadden Sea (Fig. 4 ). There were no hot spots in distribution patterns in the Dutch Wadden Sea apart from the station Osterom close to the island Terschelling (58" 21'N, 5" 20'E) with 5 out of 11 plaice juveniles having such a tag in the otoliths. 0-group plaice sampled in June 1986 in the western Dutch Wadden Sea close to the island Texel (N = 17) had no early hyaline zone in the otoliths either, whereas the only flatfish that had such a tag was a 0-group flounder which had been misldentified as a plaice during sampling. In the same season in 1988, however, specimens with an early hyaline zone were again abundant in the inner parts of the Westerschelde (Fig. 4) (38) inner part (71) settling period, most of the 0-group plaice specimens Sea had a pronounced h~a l i n e zone in their otoliths.
N O R T H S E A
given in parentheses. Black = hyaline zones distinct, striped = These zones must have been deposited a few days hyaline zones weak, white = no early hyaline zone . Number of specimens is given in parentheses. Black = hyaline zones distinct, striped = hyaline zones weak, white = no early hyaline zone followed by the Thames estuary ( Fig. 5 ). Hardly any of these tags were found in specimens from Rye Bay and in the otoliths of the 50 plaice (0-group) sampled at the beach in Oban. In Red Wharf Bay, 1 plaice (0-group] out of 45 had an early hyaline zone in the otoliths. In the Baltic Sea, the proportion was 5 out of 32 specimens. The seaward gradient in the North Frisian Wadden Sea became less pronounced in the course of the season ( Fig. 6 ) Analysis of the weather data (Table 2) showed that during peak settlement of plaice in the Dutch Wadden Sea in 1988 (29 March until 15 May, see Karakiri et al. 1991) there had been 5 almost cloudless days in the western part of the Dutch Wadden Sea with the tidal flats exposed to the sun (Table 2) , but there were moderate ~~i n d s blowing All flounder specimens sampled had developed tags in the otoliths. In contrast, tags were rarely found In sole.
Regardless of the occurrence of an early h.yaline zone close to the secondary primordia, 1 to 3 further hyaline zones could frequently be f0un.d in the otoliths of 0-group plaice, resulting in up to 4 rlngs. These sec- ondary hyaline zones were much more abundant in estuaries and in near-shore areas of long, man-made bights, and were, as in 1989, extraordinarily distinct ( Fig. 7) in the man-made lagoon between the islands Rum0 and Sylt and in the inner parts of the Heverstrom and the Norderaue tidal stream system (Table 3 ) . The average number of hyaline zones per otolith increased in the course of the season. 
DISCUSSION
The much higher abundance of 0-group plaice with an early hyaline zone in the otoliths in areas with extended tidal flats (North Frisian Wadden Sea, the Wash and inner estuaries) fits the hypothesis that in the North Sea these tags are linked to factors operating during the pool-dwelling mode of life. In the Wadden Sea, settling of the large majority of plaice and flounder, as well as part of the 0-group sole population, takes place on the submerged tidal flats (Bergman et al. 1976 , Berghahn 1983 ) as a result of selective tidal transport and the favourable food conditions (Creutzberg et al. 1978 ). According to Creutzberg & Fonds (1971) densities of newly metamorphosed plaice are low in the deeper tidal channels of the Wadden Sea. In the Dutch Wadden Sea, however, hardly any tags could be found in this study. In the eastern part of the Dutch Wadden Sea, this might relate to the low mean tidal range (1.4 m) as compared to the North Frisian Wadden Sea. A low tidal range will not bring the settling larvae to the more elevated flats at a farther distance from the subtidal (see also van der Veer 1986). In this case, pool-dwellers are not exposed to solar radiation and higher water temperature to an extent which could result in the formation of a hyaline zone. This view 1s also supported by the small sample taken close to the island Texel in 1986. In the Dollard (Ems estuary) on the east side of the Dutch Wadden Sea, however, the tidal range is about the same as in the North Frisian Wadden Sea (about 3 m). Regardless, in both cases the low rate of early hyaline zones can already be fully explained by the prevailing weather conditions during peak settlement, which occurred between 29 March and 17 April 1988 in the western part and between 29 March and 15 May in the eastern part of the Dutch Wadden Sea (Karakiri et al. 1991) According to the experience gained in former studies, the wind during these days was too strong (3 to 4 Bft) to let high amounts of solar radiation penetrate the water surface (Berghahn 1983 , Berghahn et al. 1993 . Slight winds may increase the amount of UV-B radiation reflected at the water surface and moderate to strong winds will increase turbidity and thereby strongly reduce UV-B transmission in the residual waters which are inhabited by pool-dwelling flatfish postlarvae and are just a few millimeters to centimeters deep. A complete lack of hyaline zones in 0-group plalce was also observed by Berghahn et al. (1993) in the North Frisian Wadden Sea, but only in 1990. Unlike in the other up to then 8 yr of investigation, no 0-group plaice with an early hyaline zone in the otoliths could be found at 43 stations in the North Frisian Wadden Sea. This was analysed to be due to cloudy conditions during the pool-dwelling period. In other years, the percentage of hyaline zones in otoliths of 0-group plaice was similar to this study. Along the more or less steeply sloping sandy beaches of the Brltish Isles, settlement of plaice occurs at a water depth of appoximately 5 m (Lockwood 1974 ) and the shallows are invaded later (Fig. 8 , see also Riley 1973 and Gibson et al. 1978) . As a consequence, early hyaline zones in the otoliths are rare in these places (Rye Bay, Red Wharf Bay. Oban). The tidal pools even seem to pldy a minor role for newly settled plaice in Red Wharf Bay, where the tidal muddy sand flats are quite extended (Table 1 ). The residual waters at low tide along the sand bars and beaches at the border of the Wadden Sea are among other things formed only for a short time during low tide, which explains the lack of early hyaline zones at these sites.
The multiple formation of hyaline zones in 0-group plaice as observed in the man-made lagoon between the islands Kom0 and Sylt raises the question how these later formations are induced. Evidently, calcium deposition in the protein matrix is altered. Theoreti- [Berghahn & Karakiri 1990 ). Daily ring formation tvtls not disrupted in the hyaline zones. The early hyaline zone in otoliths of 0-group plaice caught in the North Frisian Wadden Sea has been linked to these sorts of environmental stress during the pooldwelling mode of life by means of microstructure analysis (Berghahn 1989 , Berghahn et al. 1993 ). Another factor could b e rapid salinity changes in tidal pools during heavy rainfall.
Regarding the mechanisms of formation, one might consider open lesions due to radiation damage a s reported by Berghahn et al. (1993) to result in osmotic stress that requires calcium levels above normal conditions. In fish, calcium is taken u p via the gills and is brought to the otoliths by the plasma (Simkiss 1974 , Campana 1983 . Calcium is also taken up from food (Steffens 1985) . However, even in freshwater calcium is generally available for teleosts In sufficient amounts, making a direct link of the hyaline zones to calcium concentrations in the plasma unlikely. A likely indirect factor that might reduce mineral deposition in otoliths is the lack of phosphorus (E. Witten, Zoologisches Institut und Zoologisches Museum der Universitat Hamburg, pers, comm.). It is almost exclusively taken up from food (Steffens 1985) . A decrease in phosphorus levels due to starvation may explain the hyaline zones in plaice otollths that were experimentally ~n d u c e d by Berghahn & Karakiri (1990) . The specimens treated with high doses of UV-B or high temperature were highly stressed, which may have increased phospho- (Freitag et al. 1998) . Moreover, the plaice postlarvae in the experiments carried out by Berghahn & Karakiri (1990) did not take up any food for several days after exposure. However, all this could only explain the formation of the early hyaline zone immediately after settling, since once the pool-dwelling plaice have experienced the extremes they flee towards the subtidal and this yearclass will then no longer be found in tidal pools in the Wadden Sea (Berghahn 1983 , Rerghahn et al. 1993 ). In the search for the causes for multiple hyaline zone formation in the highly turbid water of the Wadden Sea, factors other than UV-B radiation and water temperature have to be considered. A complete stop In food uptake for several days was also observed in 0-group plaice specimens, maintained in the laboratory, that had survived the sorting out of the by-catch on board shrimp vessels currently operating in the coastal areas of the North Sea including the Wadden Sea (Berghahn et al. 1992) . Sole fisheries are not important in this respect, since they do not operate in these areas (Berghahn & Vorberg 1998) and have almost 100% by-catch mortality (van Beek et al. 1990 ). Depending on conditions during shrimping, a high percentage of 0-group flatfish may survive the sorting procedure (Berghahn et al. 1992) . Besides rapid salinity changes in the vicinity of river mouths and stress caused by diseases, injunes during the sorting out of shrimp by-catch (Liidemann 1993) might be involved in the formation of secondary hyaline zones. However, all these factors do not explain the high abundance of very distinct multiple hyaline zones in the otoliths of 0-group plaice In the lagoon and the inner parts of the long intertidal bights, since shrimping effort is not higher in these places compared to other parts of the Wadden Sea (Berghahn & Vorberg 1998) and freshwater inputs from local rivers into the lagoon are negligible. Together with inputs from the atmosphere the latter are less than 0.1 % of the tidal volume (Backhaus et al. 1998) .
In more recent publications oxidative stress is considered a very important factor for animals in coastal environments (Abele et al. 1998 ). This factor can explain both the formation of the early and the secondary hyaline zones. Tidal pools are an ideal place for the UV-driven synthesis of active oxygen species like hydrogen peroxide (H202) (Abele-Oeschger et al. 1997) . Coastal water and tidal pools, in particular, may contain high levels of dissolved organic carbon (DOC), which is excited by photoactivation and thereby involved in the electron transfer to dissolved molecular oxygen and the formation of H 2 0 2 . Photoactivation is not temperature dependent (Abele-Oeschger et al. 1997 ). On windless days, the turbid Wadden Sea water in the tidal pools becomes clear in a few minutes (Berghahn 1983) , light may then easily penetrate the water column (Berghahn et al. 1993) , and in summer H 2 0 2 concentrations in tidal pools of the Wadden Sea may reach 4500 nmol 1-' (Abele-Oeschger et al. 1997) .
In laboratory experiments, capitellids Heteromastus filiformis from an intertidal sandflat of the German Wadden Sea have shown an enzymatic response to H,O, concentrations of this order of magnitude (Abele et a1 1998) . On a cloudy day in May the maximum concentration of H 2 0 , was 1690 nmol I-', although DOC concentrations were between 6000 and 7000 pm01 C 1 -l . Tidal mixing may cause a rapid decrease in H,O, concentrations below 300 nmol 1-' in the Wadden Sea water (Abele-Oeschger et al. 1997) . In the German Bight of the North Sea, H 2 0 2 concentrations are only between 60 and 130 nmol 1-' (H. Tug, Alfred-WegenerInstitut fiir Polar-und Meeresforschung, pers. comm.). Oxygen radicals have been proposed to damage part of the oxygen transport system in plaice larvae, including respiratory proteins and enzymes for aerobic metabolism (Freitag et al. 1998) .
Even the unlikely direct effect of calcium levels on hyaline zone formation may be explained by oxidative stress. Active oxygen species are known to increase cytosolic Ca2+. The origin of the increased cytosolic Ca2+ is under discussion; ~t may be taken up from the extracellular space or released from binding proteins (Suzuki et al. 1997) . The latter source is unlikely in plaice, since, in contrast to teleosts with cellular bone (Moss 1962 , Persson et al. 1995 , Kacem et al. 1998 , teleosts with acellu1a.r bone, like plaice, do not use their bone as a source of calcium. Bone resorption in the course of calcium deficiencies has only be induced in teleosts with acellular bone under the most extreme and artificial conditions in the laboratory (Weiss & Mratabe 1979 , Glowacki et al. 1986 , Takagi & Yamada 1992 ,1993 . Furthermore, calcium concentration in the plasma of marine fish is reduced to one-third of the concentration in seawater (Bone & Marshal1 1985) . AcFcording to Witten (1997) maintenance of juvenile cichlids (acellular bone) in freshwater, seawater and calcium-free water had no observable effect on bone resorption. Bone resorption instead takes place where and when it is necessary for growth (Witten & Villwock 1997) .
It might even be that the experimental induction of hyaline zones in juvenile plaice with UV-B radiation by Berghahn & Karakiri (1990) was in fact partly or mainly driven by active oxygen species. The seawater used in the experiments originated from a circulating system, which had accumulated yellow substances (Berghahn & Karakiri 1990 ) and had a total organic carbon (TOC) content between 583 and 833 pm01 C 1-' (G. Kruner, Biologische Anstalt Helgoland, pers. comm.). The water in the aquaria was very clear, indicating low particulate organic carbon (POC) concentrations, so the concentrations of DOC were not much lower than the TOC. In tidal pools, DOC was of the same order of magnitude (430 _+ 60 pm01 C l ' in February 1996, Abele-Oeschger et al. 1997) .
The formation of multiple hyaline zones may be explained as follo~vs. At the sites where multiple hyaline zones were abundant in 0-group plaice otoliths, tidal mixing and water exchange may be extremely low, in particular on windless days (Lillelund et al. 1985) . Moreover, 0-group plaice that have glven up the pool-dwelling mode of life and started to exhibit tidally phased feeding migrations from the subtidal onto the submerged flats Inay still experience high concentrations of H 2 0 2 on hot and sunny (cloudless) days during both high tide and low tide. At low tide they are concentrated at a water depth around 1 m at the edges of the tidal channels (Kuipers 1973 , Berghahn 1984 , where the drainage gulleys bring the water from the tidal pools and puddles to the subtidal (Berghahn 1984) . With the rising tide, the tidally migrating plaice can be found in the flooding water at a water depth of only a few centimeters. This way, the plaice juveniles may again experience high concentrations of active oxygen species. In June, about 90'!'?# of 0-group plaice in the Wadden Sea belong to the tidally migrating subpopulation, whereas 10% tend to stay in the subtidal permanently (Berghahn 1986 ). In the course of the season, more and more 0-group plaice cease tidal migration and joln the subtidal subpopulation on their way to the open North Sea.
In the Baltic Sea at Laboe, the tidal range IS only 0.25 m. On calm days, the turbidity close to the shore is low. The latitude is about the same as the North Frisian Wadden Sea and the distance is only 80 km, resulting in a comparable light regime. Light penetration is considered to be at least as high as in the tidal pools In the Wadden Sea. DOC in coastal zones of the Baltic Sea is about 250 pm01 C I-' and may be higher at the shore (K. Nagel, Institut fur Ostseeforschung, RostockWarnemiinde, pers. comm.) or close to river mouths. Under these c o n d~t~o n s , the formation of early hyaline zones in very shallow water is not surprising.
In contrast to North Sea plaice and sole, early hyaline zones occurred regularly in otoliths of 0-group flounder. Due to their highly rheotactic behdviour, edrly flounder postlarvae almost exclusively inhabit iidal poi,:a directly a: :ha skcic!icz (U,t.:ghahz !UR3). Until the tide comes in, flounders may also b e exposed to rdriiation on average much longer than plaice, since plaice dre much more widespread over the tidal flats, depending on the prevailing tidal regime. Furthermore, f l o u n d~r dre in general exposed to much greater flustuations in salinity than plaice, since they tend to migrate upstream into the rivers. In the settling period, newly metamorphosed sole are frequently found in the residual waters on tidal flats in the Wadden Sea (Berghahn 1987) . However, for sole tidal pools are less important habitats than for plaice and flounder (Berghahn 1984) .
In conclusion, further laboratory studies on hyaline zone formation in the otoliths of 0-group flatfish, with special emphasis on the impact of H 2 0 2 on plaice otoliths, and field studies employing otolith microstructure analysis are needed.
